Escherichia coli modulates its porin expression through a histidine kinase, EnvZ, and its cognate response regulator, OmpR. EnvZ is a bifunctional enzyme that possesses both OmpR kinase and phosphorylated OmpR (OmpR-P) phosphatase activities and thus controls the cellular level of OmpR-P. In an in vitro-assay system, the addition of OmpR to the reaction mixture consisting of the cytoplasmic domain of EnvZ (EnvZc) and ATP produces a barely detectable amount of OmpR-P because of the dual activities of EnvZ. Here we report that DNA fragments containing the upstream promoter regions of the porin genes (ompF and ompC) can shift the equilibrium between OmpR and OmpR-P dramatically toward OmpR-P. Among the four reactions occurring in the mixture, only the EnvZ phosphatase activity was inhibited severely by the specific DNA, in contrast to the previous report by Kenney and her associates that The autophosphorylation of EnvZc and the phosphotransfer from phosphorylated EnvZc to OmpR were not affected by DNA, whereas the autodephosphorylation of OmpR-P was inhibited slightly. We propose that the apparent inhibitory effect of DNA on the EnvZ phosphatase function is caused by sequestrating OmpR-P from the reaction as a result of OmpR-P binding to DNA.
T
he EnvZ-OmpR system in Escherichia coli is a member of the histidyl-aspartyl phosphorelay family (also known as two-component signal transduction system). This system serves as the major signal transduction system in prokaryotes to respond to various environmental stresses and growth conditions. The basic components of this system are a histidine protein kinase serving as a signal receptor and its cognate response regulator mediating specific gene expression or cellular locomotion (1) .
EnvZ is a transmembrane histidine kinase that monitors environmental osmolarity changes. It is autophosphorylated by using ATP at the highly conserved His residue (His-243) in the cytoplasmic domain. This phosphate group is transferred subsequently to the conserved Asp-55 residue of OmpR forming phosphorylated OmpR (OmpR-P). OmpR-P is a transcription factor that binds upstream promoter regions of genes for outermembrane porins, ompF and ompC, and differentially modulates their expression. Notably, EnvZ also acts as a phosphatase dephosphorylating OmpR-P to regulate the cellular OmpR-P concentration. In response to low medium osmolarity, the cellular OmpR-P level is reduced as the ratio of EnvZ kinase to phosphatase activity decreases, resulting in the transcription of only the ompF gene. On the other hand, at high osmolarity the kinase͞phosphatase ratio of EnvZ increases (mainly because of the decreased phosphatase activity; ref. 2) , resulting in higher levels of OmpR-P. Under this condition, OmpR-P functions as a repressor for ompF, and as a transcription activator for ompC. Thus, ompF and ompC are regulated reciprocally by the cellular level of OmpR-P (for a review of the EnvZ-OmpR signal transduction pathway, see refs. 3-5).
EnvZc, the cytoplasmic region of EnvZ (residues 180-450), exists as a dimer and consists of linker region (residues 180-222), domain A (or DHp domain, residues 223-289), and domain B (or CA domain, residues 290-450) (ref. 6 ; for a review see ref. 7) . It possesses both kinase and phosphatase activities similar to the intact EnvZ. The linker region is considered to be important for transducing a signal from the periplasmic receptor domain to the cytoplasmic catalytic domain (8) . Three-dimensional structures of both domains A and B have been solved by NMR (9, 10) . Recently we demonstrated that domain A by itself serves as a phosphatase for OmpR-P and proposed that the phosphatase of EnvZ is regulated by the spatial relationship between domain A and B (11) .
The response regulator OmpR is a two-domain protein. The N-terminal half of the CheY-like receiver domain contains the phosphorylation site (Asp-55) and its C-terminal half contains the DNA-binding function (12) . These two domains are connected by a flexible linker peptide (13) . The structure of the DNA-binding domain has been determined by x-ray crystallography (14, 15) . It contains a winged helix-turn-helix motif. The phosphorylation of OmpR at Asp-55 enhances its ability to bind to the regulatory sequences upstream of the ompC and ompF promoters (16, 17) . In vitro and in vivo footprinting studies have shown that OmpR-P binds to the Ϫ380 to Ϫ361 region (F4 site), the Ϫ100 to Ϫ39 region (F1, F2, and F3 sites) of ompF, and the Ϫ100 to Ϫ38 region (C1, C2, and C3 sites) of ompC (18) (19) (20) (21) . These binding sites consist of 20 base pairs each and share a consensus sequence (22) . Two OmpR-P molecules bind to each site in a head-to-tail manner (23) . The binding affinities of OmpR-P to these sites are in a hierarchical order such that OmpR-P binds independently to F1 and C1 sites and bind to other sites only after the upstream F1 or C1 site is occupied (17, 21) .
Recently it was reported that phosphorylation of OmpR by either acetyl phosphate or EnvZ was enhanced in the presence of a DNA fragment containing OmpR-P-binding regions (24) . On the basis of acetyl phosphate being only a phosphor donor for OmpR but not a phosphatase for OmpR-P and that the half-life of OmpR-P in the presence of DNA is slightly longer than that in the absence of DNA, it was concluded that DNA enhances the rate of phosphorylation of OmpR but not the rate of dephosphorylation of OmpR-P. Although acetyl phosphate can phosphorylate OmpR in vivo, EnvZ controls the cellular OmpR-P concentration and mediates osmoregulation (3) (4) (5) . We reexam-ined the effect of OmpR-P-bound DNA on EnvZ function and found that the addition of a DNA fragment has a negligible effect on OmpR phosphorylation by EnvZc but dramatically reduces OmpR-P dephosphorylation by EnvZc. The substantial stabilization of OmpR-P in the presence of a DNA fragment was found to be due to the sequestration of OmpR-P from the dephosphorylation reaction by its binding to DNA. As a result a significant increase of the amount of OmpR-P in the reaction was observed. Possible biological significance of our findings will be discussed.
Materials and Methods
Oligonucleotides. All of the oligonucleotides used in this paper were synthesized on an Applied Biosystems DNA synthesizer. Complementary strands were annealed to create doublestranded DNA fragments, the upper-strand sequences of which (from 5Ј to 3Ј end) were as follows: F1-F2-F3, 5Ј-GGGGTT-TACT T T TGGT TACATAT T T T T TCT T T T TGA A ACC-AAATCTTTATCTTTGTAGCACTTTCAGGGG-3Ј; C1-C2-C3, 5Ј-GGGGTTTACATTTTGAAACATCTATAGCGATA-AATGAAACATCTTAAAAGTTTTAGTATCATATTGG-GG-3Ј; F1-F2, 5Ј-GGGGTTTACTTTTGGTTACATATTT-TTTCTTTTTGAAACCAAATGGGG-3Ј; F1, 5Ј-GGGGT-TTACTTTTGGTTACATATTGGGG-3Ј; F2; 5Ј-GGGGTTT-TCT T T T TGA A ACCA A ATGGGG-3Ј; F3, 5Ј-GGGGT-TATCTTTGTAGCACTTTCAGGGG-3Ј; F4, 5Ј-GGGGGT-TACGGAATATTACATTGCGGGG-3Ј; C1, 5Ј-GGGGTT-TACATTTTGAAACATCTAGGGG-3Ј; C1(C5G), 5Ј-GG-GGTTTAGATTTTGAAACATCTAGGGG-3Ј and; control, 5Ј-ATAAAGATATCGCAGCGTGCAACGCCATCAT-3Ј.
Purification of Proteins. EnvZc, OmpR, and EnvZcT247Y were purified as described (25, 26) . (24) demonstrated that more than 95% OmpR in the reaction has been converted into OmpR-P (data not shown). The reaction mixture was stopped by addition of 10 mM EDTA and then applied to a Sephacryl S-100 HR gel-filtration column (0.8 ϫ 10 cm; Amersham Pharmacia) to separate GST-EnvZc11 from OmpR-P and to remove free [␥-32 P]ATP and inorganic phosphate. The buffer used for the gel-filtration column contains 2 mM EDTA to inhibit the autophosphatase of OmpR-P. The fractions containing only OmpR-P as analyzed by SDS͞PAGE were pooled, and the total OmpR concentration was measured by the Bio-Rad protein assay (Bio-Rad).
Native Gel Assay. Nonlabeled OmpR-P was generated and purified in the same way as the 32 P-labeled OmpR-P except that the amount of proteins and the volume of the reaction increased 2-fold and cold ATP instead of [␥-32 P]ATP was used. Then the pooled OmpR-P fractions were concentrated into 160 l by a Biomax-10 ultrafree-4 centrifugal filter (Millipore). To observe interactions between OmpR and EnvZc and between OmpR-P and a DNA fragment, 5 M OmpR-P purified as described above was mixed with 16 M C1 DNA fragment and 5 M EnvZc in buffer A containing 5 mM MgCl 2 for 5 min. Then the mixture was analyzed by native PAGE. The composition of the stacking gel was 5% acrylamide͞bis (29:1) in 62.5 mM Tris⅐HCl (pH 7.5) and 1 mM EDTA and the composition of the separation gel was 10% acrylamide͞bis (29:1) in 187.5 mM Tris⅐HCl (pH 8.9) and 1 mM EDTA. After being run for 4 h at a constant voltage (100 V) at 4°C, the gel was stained first by ethidium bromide to detect DNA bands and then by Coomassie brilliant-blue R to detect protein bands. The desired protein bands were then cut out from the gel and placed vertically on the top of a 17.5% SDS͞PAGE gel for a second-dimensional electrophoresis.
Results
The Effect of DNA on the Overall Phosphorylation Reaction of OmpR by EnvZc. When EnvZc and OmpR were mixed together in the presence of 50 M ATP and 5 M Mg 2ϩ , the production of OmpR-P was barely detectable (Fig. 1A, lane 1) . This result is due to the bifunctional feature of EnvZc, which not only phosphorylates OmpR but also dephosphorylates the resulting OmpR-P. However, when a DNA fragment consisting of F1, F2, and F3, the upstream OmpR-P binding sites of the ompF promoter, is added to the reaction mixture, the apparent pro- duction of OmpR-P became increased dramatically (Fig. 1 A,  lanes 2-6) . The amount of OmpR-P thus produced was DNA concentration-dependent: the more F1-F2-F3 DNA fragment was added, the more OmpR-P accumulated in the reaction mixture. A similar result was obtained also with C1-C2-C3 DNA, the OmpR-P binding sites of the ompC promoter (Fig. 1B,  lane 8) . We subsequently estimated the amount of OmpR-P by SDS-gel electrophoresis by using OmpR-P phosphorylated by GST-EnvZc11 as a standard. As described in Materials and Methods, GST-EnvZc11 phosphorylates more than 95% OmpR under the condition used in the experiment. In the presence of 8 M F1-F2-F3 (note that one DNA fragment contains six OmpR-P binding sites, and at the start of the reaction the molar ratio between OmpR and DNA is 1:2), approximately 6.4% of OmpR was converted into the phosphorylated form after 35 min incubation at room temperature, as quantified by comparing with serial dilution of OmpR-P produced by GST-EnvZc11 (data not shown). Importantly, the OmpR-P band was barely detectable in the reaction mixture without DNA (Fig. 1 A, lane  1) . From an overexposed film, the level of OmpR phosphorylation in the absence of DNA was estimated to be approximately 0.12%, 50-fold less than that in the presence of DNA (data not shown).
To test whether this accumulation of OmpR-P is DNAspecific, a 31-bp unrelated DNA fragment (originally designed for mutagenesis of EnvZ to create E275A and E276A) was used as a control. Gel-mobility shift experiments demonstrated that OmpR-P could not bind to this control DNA (data not shown). As shown in Fig. 1 A, lanes 8-12, the control DNA had no effect on the production of OmpR-P.
To examine further the specificity of DNA sequences for the accumulation of OmpR-P, we next investigated the effect of individual OmpR-P binding sequences. Previously it had been shown that F1 and C1 have the highest binding affinity toward OmpR-P (approximately 7 nM), whereas all the other sites have very low affinity (more than 270 nM; ref. were unable to enhance OmpR-P accumulation. Similarly, the C1-containing fragments such as C1-C2-C3 (lane 8) and C1 (lane 9) stimulated OmpR-P production. The ability of DNA fragments to enhance OmpR-P accumulation agrees well with the ability of these DNA fragments to cause gel-mobility shift in the presence of OmpR-P. Note that a single base-substitution mutation at position 5 (C to G) in the C1 sequence, which severely affected its affinity to OmpR-P in vivo (27) and completely abolished its affinity to OmpR-P in vitro (L.Q. and M.I., unpublished data), also lost its ability to enhance OmpR-P accumulation (lane 10).
The above results indicate that OmpR-P binding to DNA is essential for the observed accumulation of OmpR-P by DNA, consistent with the previous observation (24) . We further tested this notion with OmpR N (residues 1-134). OmpR N is known to be able to serve as a substrate for both kinase and phosphatase reactions of EnvZ as well as intact OmpR (28) . However, it is unable to bind DNA, because it lacks the C-terminal DNAbinding domain. As shown in Fig. 1C , there was no enhancement of OmpR N -P accumulation even at the highest concentration of the F1-F2-F3 DNA fragment (8 M; lane 5), which caused a dramatic enhancement of intact OmpR-P accumulation ( Fig.  1 A, lane 6) . Note that this OmpR N can be phosphorylated by GST-EnvZc11 (lane 1). These results clearly suggest that the accumulation of OmpR-P in the presence of DNA requires its ability to bind to DNA.
The Mechanism of DNA Enhancement of OmpR-P Accumulation.
When OmpR and EnvZc are mixed together with ATP, the following four reactions occur simultaneously in solution: autophosphorylation, EnvZc ϩ ATP 3 EnvZc-P ϩ ADP; phosphotransfer, EnvZc-P ϩ OmpR 3 EnvZc ϩ OmpR-P; autophosphatase, OmpR-P 3 OmpR ϩ P i ; and EnvZc phosphatase, OmpR-P 3 OmpR ϩ P i . In the absence of DNA, the net result of these reactions is the hydrolysis of ATP, an ATPase reaction, and OmpR mainly exists as unphosphorylated because of the apparent strong phosphatase activity of EnvZc over its kinase activity. However, in the presence of DNA, a significantly higher amount of OmpR is able to remain phosphorylated, indicating one or more of the above reactions is affected by DNA.
Autophosporylation reaction. First, we studied whether the autophosphorylation of EnvZc was affected by DNA. EnvZc was mixed with or without DNA, and then [␥-32 P]ATP was added. Aliquots were taken at different time points and loaded on an SDS͞PAGE to detect the amount of EnvZc-P. As shown in Fig.  2 , the autophosphorylation patterns of EnvZc are very similar either in the absence of DNA (lanes 1-6) or in the presence of C1-C2-C3 DNA (lanes 7-12) or control DNA (lanes 13-18), indicating that DNA has no effect on the autophosphorylation reaction.
Phosphotransfer reaction. To analyze the phosphotransfer from EnvZc-P to OmpR, EnvZc was phosphorylated first with [␥-32 P]ATP and purified free of ATP as described in Materials and Methods. The 32 P-labeled EnvZc then was added into a premixed OmpR and DNA solution. Aliquots were taken at several time intervals and analyzed by SDS͞PAGE. Fig. 3A indicates that the phosphotransfer reaction was so rapid that only a very small amount of EnvZc-P was left, even at 20 sec after the addition of EnvZc-P, both in the absence (lane 2) or in the presence (lane 9) of F1-F2-F3 DNA. These data strongly suggest that the phosphotransfer reaction is not affected by the addition of DNA.
To confirm the above conclusions further, we took advantage of an EnvZc mutant, T247Y, which has kinase activity but lacks phosphatase activity (26) . As shown in Fig. 3B , the patterns of OmpR-P formation with DNA fragments that cannot bind OmpR-P independently, including F2 (lanes 5-8), F3 (lanes 9-12), F4 (lanes [17] [18] [19] [20] , and C1(C5G) (lanes [21] [22] [23] [24] , are almost identical to those with F1 (lanes 1-4) and C1 (lanes 13-16), which bind OmpR-P. These results indicate that DNA has no effect on the EnvZcT247Y's OmpR kinase activity that consists of autophosphorylation and phosphotransfer reactions. Note that OmpR-P-bound DNA has very little effect on the autophosphatase of OmpR-P, as shown later. There is slightly nonspecific enhancement of OmpR-P formation with DNA [approximately 1.5-fold, compared the experiment without DNA (lanes 1, 7, and 13), 1 min (lanes 2, 8, and 14), 2 min (lanes 3, 9, and 15), 5 min  (lanes 4, 10, and 16), 10 min (lanes 5, 11, and 17) , and 35 min (lanes 6, 12, and 18) and were analyzed by SDS͞PAGE.
(lanes [25] [26] [27] [28] with all the other experiments], the reason for which is not known at present.
Autophosphatase reaction. OmpR-P has a detectable autophosphatase activity with a half-life of 56 min (Fig. 4A) . This activity was inhibited slightly by the addition of F1-F2-F3, increasing the half-life of OmpR-P to 65 min (Fig. 4A) . This fact is consistent with a previous report (24) and suggests that OmpR-P can be stabilized slightly when it binds to DNA. However, this inhibitory effect of DNA on the autophosphatase reaction is too little to account for the dramatic enhancement of OmpR-P accumulation caused by DNA as shown in Fig. 1 A. Phosphatase reaction. In the presence of Mg 2ϩ and cofactor ADP, EnvZc displays a strong phosphatase activity, reducing the half-life of OmpR-P to less than 30 sec. When the F1-F2-F3 DNA was added to the reaction mixture, the phosphatase activity was reduced approximately 34-fold, and the half-life of OmpR-P increased to 17 min (Fig. 4B ). This inhibition is DNA sequence-dependent, because the control DNA did not have any effect on the dephosphorylation of OmpR-P by EnvZc (Fig. 4B) . These results clearly indicate that the enhancement of OmpR-P accumulation by DNA was caused mainly from the inhibitory effect of DNA on the OmpR-P dephosphorylation by EnvZc.
This inhibition of EnvZc phosphatase activity by DNA was observed also in the phosphotransfer experiment (Fig. 3A) . After completely transferring its phosphoryl group to OmpR within 40 sec, EnvZc functions as phosphatase toward OmpR-P. It is apparent that there was more OmpR-P left at 120 sec in the presence of F1-F2-F3 than in the absence of DNA (lane 14 vs. lane 7) , suggesting that the phosphatase activity of EnvZc was inhibited by DNA.
Recently, we demonstrated that domain A by itself possesses OmpR-P phosphatase activity (11) . Therefore, we also tested the effect of DNA on the phosphatase activity of domain A. The half-life of OmpR-P was approximately 29 min in the absence of DNA and 24 min in the presence of control DNA, while in the presence of F1-F2-F3 it increased to 50 min (Fig. 4C) , indicating that domain A's phosphatase activity is inhibited also by specific DNA.
Inhibition of OmpR-P Dephosphorylation by Its DNA Binding. The association of OmpR and EnvZc has been observed by the Ni-nitrilotriacetic acid resin-binding method, either by using His-tagged EnvZc (H. Park & M.I., unpublished data) or His-tagged OmpR (25) . Recently, we found that native PAGE is another approach to detecting the interaction between OmpR and EnvZc. As shown in Fig. 5A , EnvZc (lane 1) and OmpR-P (lane 2) migrate at different positions on native PAGE. After they were mixed in an equal-molar ratio, a new band appeared at position ''a,'' but both OmpR-P and EnvZc bands disappeared (lane 4). Subsequently, this band was extracted from the gel and analyzed by SDS͞PAGE (Fig. 5C, lane 2) . Clearly, this band is a complex consisting of both OmpR and EnvZc proteins. In this complex, OmpR may exist as both a phosphorylated and unphosphorylated form (because of the phosphatase of EnvZc). Unphosphorylated OmpR can also form the complex band with EnvZc at the same position (data not shown).
In the same gel system, the OmpR-P-DNA complex can be detected also when OmpR-P is mixed with C1 DNA (a new band at position ''b'' in Fig. 5A, lane 3) . This result was confirmed by second-dimensional SDS͞PAGE, because it contained OmpR The effect of DNA on the phosphotransfer reaction from EnvZc-P to OmpR. OmpR (4 M) was mixed with or without the F1-F2-F3 DNA (4 M) at room temperature for 5 min before purified 32 P-labeled EnvZc-P (1 M) was added. Aliquots were taken at 20 sec (lanes 2 and 9), 40 sec (lanes 3 and 10), 60 sec (lanes 4 and 11), 80 sec (lanes 5 and 12), 100 sec (lanes 6 and 13), and 120 sec (lanes 7 and 14) . Lanes 1 and 8: EnvZc-P at zero time point. Reactions were stopped by adding 5ϫ SDS loading buffer, and products were analyzed by SDS͞PAGE and autoradiography. The positions of EnvZc-P, OmpR-P, and inorganic phosphate (P i) are shown by arrows. (B) The effect of DNA on the OmpR kinase activity of EnvZcT247Y. OmpR (4 M) was mixed first with different DNA fragments (4 M), as indicated on the top of the gel. Then EnvZcT247Y (0.2 M), a Kinase ϩ Phosphatase Ϫ mutant, was added to the mixture. Aliquots were taken at 15 min (lanes 1, 5, 9, 13, 17, 21, and 25), 30 min (lanes 2, 10, 14, 18, 22, and 26), 45 min (lanes 3, 7, 11, 15, 19, 23, and 27) , and 60 min (lanes 4, 8, 12, 16, 20, 24, and 28) . The products were analyzed by SDS͞PAGE and autoradiography. Aliquots were taken at the time points indicated above the gel, and reactions were stopped by adding 5ϫ SDS loading buffer. The products were analyzed by SDS͞PAGE and autoradiography. The amounts of OmpR-P were quantified by a PhosphorImager to calculate the half-lives (t 1͞2) of OmpR-P, which are shown below the gel.
protein (Fig. 5C, lane 5) , and by ethidium-bromide staining, because it contained DNA (Fig. 5B, lane 3) . Note that free C1 DNA run out of the gel under the condition used (Fig. 5B, lane  6) . Next, OmpR-P was added to the mixture of C1 DNA and EnvZc. It was found that both bands at positions ''a'' and ''b'' appeared (Fig. 5A, lane 5) . The components of both bands were identified by ethidium-bromide staining (Fig. 5B, lane 5) and by second-dimensional SDS͞PAGE (Fig. 5C , lanes 3 and 4 for bands at positions ''a'' and ''b,'' respectively). Note that the intensity of the OmpR-EnvZc complex band at position ''a'' decreased (compared with lane 4) with concomitant appearance of a diffused band corresponding to EnvZc. These results indicate that OmpR-P interacted with both EnvZc and C1 DNA, forming two distinct complexes at positions ''a'' and ''b'' at the same time. Also note that OmpR-P-DNA complex formation only occurred with OmpR-specific DNA but not with nonspecific DNA like F4 (Fig. 5A and B, lane 7) . A small amount of C1 DNA was retarded at the position of OmpR-P (Fig. 5B, lane 3) or the EnvZc-OmpR complex (lane 5), likely because of nonspecific interaction.
Together, the above results suggest that in the presence of specific DNA, a fraction of OmpR-P binds to DNA and sequestrates from interacting with EnvZc. Thus, these OmpR-P proteins may be protected from the EnvZc's phosphatase, resulting in the significant accumulation of OmpR-P observed in Fig. 1 A. 
Discussion
The previous studies by Kenney and her associates (24) and the present results indicate that the equilibrium between OmpR and OmpR-P in the presence of EnvZc is affected greatly by DNA fragments carrying OmpR-P-binding sites, resulting in accumulation of OmpR-P. In the present paper, we demonstrated that the phosphatase reaction rather than the kinase reaction is affected by OmpR-P-specific DNA.
The mechanism of the reciprocal transcription of ompF and ompC mediated by OmpR-P has been proposed (21) . At low osmolarity, OmpR-P cooperatively binds to F1 as well as F2 and somewhat loosely to F3 resulting in ompF expression by direct interaction of bound OmpR-P with the C-terminal domain of the ␣ subunit of RNA polymerase (29, 30) , whereas ompC is not induced, because OmpR-P is able to bind only to C1 but not to C2 and C3 sites. At high osmolarity, the OmpR-P concentration increases such that OmpR-P becomes capable of binding to the upstream F4 site by interacting with OmpR-P molecules already bound to F1-F2-F3. As a result, the ompF-promoter region is considered to form a loop blocking the ompF transcription. At the ompC-promoter region, C2 and C3 sites are occupied now by OmpR-P to transcribe ompC. Notably, the unphosphorylated form of OmpR has a very low affinity toward the promoters and thus is incapable of enhancing ompF and ompC transcription (17) . In the present report, we demonstrated that OmpR-P bound to ompF-and ompC-promoter regions became protected from being dephosphorylated by EnvZ phosphatase. As a result, the half-life of DNA-bound OmpR-P is prolonged significantly compared with free OmpR-P (more than 30-fold; Fig. 4B ), allowing the formation of either stable OmpR-P-RNA polymerase complexes on ompF and ompC promoters to enhance their transcriptions or the multiple OmpR-P complex on F1, F2, F3, and F4 sites to block ompF transcription.
E. coli appears to have a number of other OmpR-P-binding sites in addition to a total of 14 OmpR-P molecules binding to the porin promoters (24, see references therein). It is important to note that because E. coli contains OmpR at the level of 10 3 molecules per cell (4), even at a level of 6.4% phosphorylation of cellular OmpR there are likely to be enough OmpR-P molecules to cover all of the chromosomal OmpR-binding sites. The dissociation half-life of OmpR-P from C1 DNA was estimated to be approximately 7 min in Mg 2ϩ buffer (L.Q. and M.I., unpublished data), indicating that OmpR-P can be stably maintained on specific DNA. These data, together with the fact that OmpR-P bound to DNA is protected from the EnvZ phosphatase reaction, imply DNA is likely an important factor for ompF and ompC regulation. However, the in vivo relevance of our results remains to be clarified, because EnvZ is a cytoplasmic membrane protein.
Previously, Ames et al. reported that OmpR phosphorylation by acetyl phosphate and EnvZ were approximately 2-fold and 2-to 7-fold, respectively, stimulated by C1 DNA fragments (24) . Based on the fact that the stability of OmpR-P was affected only slightly by the presence of DNA, these authors concluded that the increased level of OmpR-P in the presence of DNA is caused by the stimulation of the phosphorylation reaction of OmpR by acetyl phosphate and EnvZ. However, the present results revealed that DNA had little effect on the phosphorylation reaction of OmpR. The 2-to 7-fold stimulation of OmpR phosphorylation by acetyl phosphate in the presence of DNA 
